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The electronic structure of ferromagnetic (Zn,Co)O lms was investigated by resonant photoemission across the Co 3p → Co 3d photoionization threshold, e.g. using photon energy between 50 eV and 66 eV. The lms were grown by atomic layer deposition at temperature between 160
• C and 300
• C and they diered in distribution and content of cobalt. The maximum of the Fano resonance was observed at photon energy 63 eV, whereas the minimum at 58 eV. The dierence between energy distribution curves taken at 63 eV and the one taken at 58 eV was calculated for a series of samples. It shows that the Co 3d contribution to the valence band electronic structure of ferromagnetic (Zn,Co)O lms diers signicantly from that of the lms which show the paramagnetic response. In the last decade (Zn,Co)O focus a lot of scientic attention and became one of the most investigated materials for spintronic applications. These intensive studies started at the beginning of this century and were related to the prediction of room temperature ferromagnetism for transition metal doped zinc oxide and gallium nitride [1] . Indeed, in 2001 room temperature ferromagnetism was experimentally observed in the (Zn,Co)O system [2] . Despite the rst report has been immediately followed by many others, it was soon realized that the origin of room temperature ferromagnetism in (Zn,Co)O is not clear and agreement between theory and experiment is only apparent. Ferromagnetic ordering in (Zn,Co)O has been related to defects in the ZnO lattice [3] , formation of foreign phases [4] , uncompensated spins at the (Zn,Co)O surface or metal accumulation layers [5] .
PACS
In our previous studies on the (Zn,Co)O system [6] we showed that atomic layer deposition (ALD) can lead both to uniform and nonuniform (Zn,Co)O lms depending on such process parameters as temperature, doses of precursors, and purging times. We found that the paramagnetic response was characteristic of uniform (Zn,Co)O lms, while nonuniformity of cobalt distribution was prerequisite for the ferromagnetic response.
In the present work we investigate the electronic band structure of ferromagnetic (Zn,Co)O lms in order to get insight into the Co 3d contribution to the valence * corresponding author; e-mail: guzel@ifpan.edu.pl band in a ferromagnetic system. We performed the resonant photoemission (RESPES) experiment across the Co 3p → Co 3d photoionization threshold on ferromagnetic (Zn,Co)O samples and compared these results with the previous ones that were collected for paramagnetic lms [7] .
Experimental
The investigated (Zn,Co)O lms were grown on silicon substrates by the ALD method using the same zinc, cobalt and water precursors ( , DMZn, Co(acac) 2 and water, respectively). The growth method as well as growth conditions are described elsewhere [6, 8] . Ferromagnetic (Zn,Co)O lms were obtained for growth temperature between 200
• C, e.g. slightly higher than temperature used for paramagnetic lms (160 • C). Dierent parameters of the ALD process (precursors' doses, purging time and proportion between zinc and cobalt precursors' pulses) resulted in dierent Co content, which varied between 2% and 19% as obtained from the secondary ion mass spectroscopy (SIMS). The microstructure of ferromagnetic lms and chemical analysis were carried out on the high resolution transmission electron microscope (HRTEM) Titan 80-300 equipped with the energy dispersive X-ray spectrometer (EDX).
The electronic structure of the (Zn,Co)O lms was studied by photoemission spectroscopy in the binding energy (BE) range between the Fermi level and 14 eV below. This BE region covers the (Zn,Co)O valence band together with the Zn 3d core level. We used the resonant (A-40)
The experiment was performed at the I4 station of the 33 beamline at the MAX III storage ring at MAXLAB, Sweden. Photoemission spectra were recorded with the overall resolution of 50 meV at 50 eV photon energy.
Results
The structural characterization carried out by X-ray diraction (XRD) shows that all (Zn,Co)O lms are polycrystalline. Diraction maxima related to (10.0), (00.2) and (10.2) orientations were observed. In the HRTEM images of (Zn,Co)O lms one can distinguish oval crystallites of dierent orientations with a diameter of 34 nm, which form a layer of 50100 nm thick (Fig. 1) . The qualitative analysis shows that these crystallites dier also in chemical composition. We can distinguish regions in which the value of the lattice parameter is characteristic of zinc oxide, cobalt oxide CoO and also the ternary compound ZnCo 2 O 4 . Near to the (Zn,Co)O/Si interface we observe the region with the increased cobalt content. The X-ray photoelectron spectroscopy (XPS) studies show that cobalt found in the interface region is in metallic form [9] . We performed RESPES measurements for a series of ferromagnetic (Zn,Co)O samples. Resonant photoemission is based on the Fano eect [10] . This phenomenon occurs in photoemission when the energy of incident photons is close to the energy dierence between a fully occupied core level and a partially occupied electron shell like 3d shell of transition metals, 4f shell of rare earth or 5f shell of actinides. The resonant photoemission is a result of interference between two possible photoemission paths (classical and resonant one), that in the case of cobalt, can be described as follows:
As a result, we observe an increase of the Co 3d related features in photoemission spectra when photon energy is tuned to the Co 3p → Co 3d photoionization threshold. The maximum of the Fano resonance is preceded by the minimum which is achieved for photon energy where classical and resonant photoemission processes quench each other. Therefore the photoemission energy distribution curve (EDC) spectrum taken at the minimum of the resonance does not show any contribution from the Co 3d shell and thus the dierence spectra ∆EDC = EDC rez − EDC arez can be regarded as photoemission response from only the Co 3d electron shell. The EDC spectra were taken for photon energies between 55 eV and 66 eV, i.e. across the Co 3p → Co 3d photoionization threshold. For all investigated lms the maximum of the Fano resonance was found at photon energy of 63 eV, whereas the minimum at 58 eV. As all the samples were polycrystalline, the changes observed in the EDC spectra taken with dierent photon energies are not inuenced by the matrix element eects and thus can be interpreted in terms of resonant photoemission. The EDC spectra taken at hν = 58 eV (the Fano antiresonance) are similar to those previously reported for the ZnO single crystal [11] . In Fig. 2 we present representative results of RESPES taken for ferromagnetic (ZnCo)O samples. Resonant (black solid circles), antiresonant (black open circles) and dierence ∆EDC spectra (red solid circles) for three of the investigated ferromagnetic (Zn,Co)O layers are presented for three (Zn,Co)O layers that dier with the cobalt content. We observed that the intensity of the resonant enhancement from the Co 3d shell does not scale with the cobalt content. It was found that the A-42 E. Guziewicz et al. contribution of the Co 3d states to the valence band electronic structure is not the same for all investigated lms, although intensities of ∆EDC spectra is similar even if cobalt content is signicantly dierent. For example, the intensity of ∆EDC for sample with 19% of cobalt (Fig. 2a) is only slightly higher than for sample with 5% of cobalt (Fig. 2b) . For all investigated lms we nd the Co 3d contribution to the valence band between 2 eV and 4 eV below the Fermi level with the maximum at 3 eV. We do not notice a satellite structure at 7 eV below the Fermi level, which was observed for paramagnetic (Zn,Co)O lms [7] . For some samples we notice redistribution of sp valence band states at 4.5 eV below the Fermi level (Fig. 2c) which results in negative value of the ∆EDC spectrum between 4 eV and 6 eV below the Fermi level.
Conclusions
We investigated a set of ferromagnetic (Zn,Co)O lms. Resonant photoemission studies show that the contribution of the Co 3d electron states to the valence band electronic structure is observed between 2 eV and 4 eV below the Fermi level with the maximum at 3 eV. We do not observe any enhancement of the resonant photoemission signal that was observed for paramagnetic (Zn,Co)O lms and that was ascribed to the satellite structure [12, 13] .
